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Selection for narrow gate of emergence results in correlated
sex-specific changes in life history of Drosophila melanogaster

Vishwanath Varma*, Nisha N. Kannan* and Vijay Kumar Sharma*

ABSTRACT

Since the ability to time rhythmic behaviours in accordance with
cyclic environments is likely to confer adaptive advantage to
organisms, the underlying clocks are believed to be selected
for stability in timekeeping over evolutionary time scales. Here
we report the results of a study aimed at assessing fitness
consequences of a long-term laboratory selection for tighter
circadian organisation using fruit fly Drosophila melanogaster
populations. We selected flies emerging in a narrow window of
1 h in the morning for several generations and assayed their life
history traits such as pre-adult development time, survivorship, adult
lifespan and lifetime fecundity. We chose flies emerging during the
selection window (in the morning) and another window (in the
evening) to represent adaptive and non-adaptive phenotypes,
respectively, and examined the correlation of emergence time
with adult fitness traits. Adult lifespan of males from the selected
populations does not differ from the controls, whereas females from
the selected populations have significantly shorter lifespan and
produce more eggs during their mid-life compared to the controls.
Although there is no difference in the lifespan of males of the
selected populations, whether they emerge in morning or evening
window, morning emerging females live slightly shorter and lay
more eggs during the mid-life stage compared to those emerging
in the evening. Interestingly, such a time of emergence dependent
difference in fitness is not seen in flies from the control populations.
These results, therefore, suggest reduced lifespan and enhanced
mid-life reproductive output in females selected for narrow gate of
emergence, and a sex-dependent genetic correlation between the
timing of emergence and key fitness traits in these populations.
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Development time, Lifespan, Fecundity

INTRODUCTION

Circadian clocks have evolved in response to cyclic changes in
their environment caused by the rotation of Earth about its
own axis. Such cyclic conditions are thought to act as selection
pressure for the evolution and subsequent maintenance of
circadian clocks (Pittendrigh, 1993; Sharma, 2003; Vaze and
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Sharma, 2013). The timing of various rhythmic behaviours is
thought to be such that it minimises adverse effects of
environmental factors and maximises access to resources
(Aschoff, 1967; Cloudsley-Thompson, 1960; Fleury et al.,
2000; Pittendrigh, 1993). The stability of circadian timekeeping
in the face of fluctuating internal as well as external environments
is likely to confer organisms with adaptive advantages (Daan,
2000). Therefore, precision of circadian clocks, which is key to
their functioning as reliable timekeepers, is believed to be under
the influence of selection pressures of the environment (Sharma
and Chandrashekaran, 1999; Clodong et al., 2007).

We know a great deal about the mechanisms underlying
circadian rhythms and their phase-resetting by light (Dunlap and
Loros, 2004; Aronson et al., 1994; Hardin et al., 1990; Zeng et al.,
1996; Hunter-Ensor et al., 1996), although little is known about
the molecular-genetic bases of clock precision. Since accuracy
or precision of circadian clocks in assessing time in the local
environment is likely to be closely related to fitness, it is critical
to study its genetic variability in natural populations. Previous
studies on wild-type animals with different clock periods reported
a correlation between precision and circadian period (Pittendrigh
and Daan, 1976; Sharma and Chandrashekaran, 1999); however,
such a correlation was not seen in mutant strains of animals with
distinctly different periods (Bittman, 2012).

Coupling between less precise neuronal oscillators comprising
circadian pacemakers produces rhythms with enhanced precision
(Enright, 1980; Herzog et al., 2004; Liu et al., 1997). Individual
isolated suprachiasmatic nucleus (SCN; the site of central circadian
pacemakers in mammals) neurons show low amplitude circadian
rhythmicity and higher cycle-to-cycle variability than the whole
SCN (Webb et al., 2009). Vasoactive intestinal peptide (VIP)
and pigment dispersing factor (PDF), are major coupling agents
between the neuronal oscillators in mice and fruit flies,
respectively (Ciarleglio et al., 2009; Peng et al., 2003). Loss of
these neuropeptides results in asynchronous cellular oscillations
and weak behavioural rhythmicity (Liu et al., 1997; Aton et al.,
2005). Mice carrying a mutant form of Neuropeptide Y (NPY; a
signalling molecule in the non-photic circadian input pathways of
mice) show lower inter-individual variability in their period than
the wild-type controls (Harrington et al., 2007). Nevertheless,
natural variation in clock precision has not been examined for
heritable genetic variation upon which selection may act. It would
be interesting to examine whether the ability to maintain specific
timings for rhythmic behaviours is correlated with life history
traits.

In large populations at equilibrium, traits directly related to
fitness such as growth rates, adult lifespan and fecundity, bear
negative genetic correlations (trade-offs) with one another (Roff,
1996). Such trade-offs are interpreted to be due to pleiotropic
alleles that influence two or more components of fitness (Rose
and Charlesworth, 1981a). While positively pleiotropic alleles
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either get quickly fixed (if they increase fitness of both traits) or
lost (if they are deleterious), antagonistically pleiotropic alleles
persist at intermediate frequencies in a population under the
influence of balancing selection (Connallon and Clark, 2013;
Barton and Keightley, 2002). Therefore, correlated response in
fitness traits to selection for clock precision is likely to suggest
the existence of pleiotropic effects of genes influencing both traits
(Reznick, 1985), and negative correlations would indicate the
cost of possessing stable clocks on fitness (Roff, 1996).

In insects, the duration of pre-adult development and circadian
cycle are reported to be positively correlated in clock mutants
(Kyriacou et al., 1990) and in wild-type fruit flies (Kumar et al.,
2006; Yadav and Sharma, 2013; Takahashi et al., 2013),
suggesting the role of an interaction between circadian clocks
and the developmental states of flies in timing pre-adult
developmental events (Saunders, 2002).

Circadian clocks have also been implicated in the regulation of
reproductive fitness in D. melanogaster; males carrying a loss of
function mutation in the core clock gene period (per) release
fewer sperms causing reduction in the fecundity of females
(Beaver et al., 2002; Beaver et al., 2003). However, expression of
per in the clock neurons of per® flies failed to rescue the reduction
in egg-output, suggesting a non-circadian function of the per
gene. Nevertheless, we should be cautious in drawing inferences
from studies on life history traits in inbred populations, as they
often yield spurious correlations between traits (Rose and
Charlesworth, 1981a). In a study on a wild-type strain of D.
melanogaster, lifespan of flies exposed to Light-Dark (LD)
cycles of 24 h period was found to be greater than those
maintained under LD cycles of non-24 h periodicities (due to a
phenomenon commonly referred as circadian resonance) or
constant light (LL, where most circadian behaviours of wild-
type flies become arrhythmic) (Pittendrigh and Minis, 1972; von
Saint Paul and Aschoff, 1978). Rhythmic wild-type flies live
significantly longer than arrhythmic ones (Kumar et al., 2005),
and mutants with periods distinctly different from 24 h, showed
reduced adult lifespan compared to the wild-type flies, even under
LD cycles of period close to their intrinsic period (Klarsfeld and
Rouyer, 1998). Under LL, lifespan of flies was shorter than that in
LD or DD, although flies laid more eggs in LL than the other two
regimes (Sheeba et al., 2000). Overall, organisms reared under
resonating (24 h) LD cycles live longer than those maintained in
non-resonating (non-24 h) LD cycles or LL (Pittendrigh and
Minis, 1972; von Saint Paul and Aschoff, 1978). Moreover, there
seems to be some fitness advantage for being rhythmic in terms of
extended lifespan, although this cannot be generalised for overall
fitness. Although previous studies suggest the role of circadian
clocks in the regulation of fitness of organisms, the genetic basis
for such phenotypic correlations is still unclear.

In the present study, we compared fitness of fly populations,
which were subjected to stabilising selection for narrow gate of
adult emergence to assess correlated responses to selection on
life history traits. Four replicate populations, derived from four
control populations, were subjected to selection for emergence in a
narrow window of 1 h close to the peak of daily adult emergence
(Kannan et al., 2012). Such stabilising selection for narrow window
of adult emergence resulted in an increase in emergence during the
selection window and in a reduction in the gate-width of
emergence, and in decreased intra- and inter-individual variations
in the period of activity/rest thythm (Kannan et al., 2012).

A classical definition of stabilising selection is that individuals
with phenotypes closer to the mean should have greater fitness

compared to those constituting the extremes (Travis, 1989).
Stabilising selection acts against mutations that produce
deleterious alleles which result in deviation in the phenotype from
the trait mean and reduce fitness, while balancing selection acts on
antagonistically pleiotropic alleles which persist in the population at
intermediate frequency (Barton, 1990; Barton and Keightley, 2002).
Both means of selection are likely to result in lower fitness for the
extreme phenotypes, which in the context of the present study would
be those individuals that emerge outside the selection window.
Therefore, correlated response to selection for narrow window of
emergence would provide evidence for mechanisms that influence
both timing of emergence as well as life history traits.

We assayed pre-adult (development time and pre-adult
survivorship) and adult (lifespan and lifetime fecundity) fitness
traits of fly populations subjected to selection for narrow gate of
emergence to examine their fitness, and asked if a correlation
exists between the timing of emergence and these life history
traits. We chose flies emerging within the selection window in
the morning (henceforth the morning window) to represent the
adaptive mean phenotype, and flies emerging in an evening
window (henceforth the evening window) to represent the
extreme non-adaptive phenotype, to examine correlations that
may provide evidence for stabilising selection for the mean
timing of emergence. We found that inter-individual variance
in pre-adult development time was reduced in the selected
populations without any cost to its pre-adult fitness. Mated males
from the selected populations live as long as the controls, while
mated females have significantly shorter lifespan and higher mid-
life egg output compared to the controls. Morning emerging
mated males from the selected populations live as long as their
evening emerging counterparts. On the other hand, morning
emerging females have reduced adult lifespan and higher mid-
life fecundity than those emerging in the evening, suggesting
higher reproductive fitness in the morning emerging flies, and a
trade-off between reproduction and lifespan. Interestingly, such
correlations between life-history traits and timing of adult
emergence are not seen in flies from the control populations.
These results suggest that stabilising selection for narrow gate of
emergence in the morning results in reduced adult lifespan and
enhanced reproductive output in females with the morning
emerging selected females having greater reproductive fitness
than those emerging in the evening.

RESULTS

Selection for narrow gate of adult emergence reduces
variance in pre-adult development time

To determine the effect of selection for narrow gate of adult
emergence on pre-adult fitness traits we assayed pre-adult
development time and survivorship of the selected and control
populations. The onset of emergence in flies from the selected
populations was marginally delayed compared to the controls
(Fig. 1a); however, the pre-adult development time (Fig. 1b) and
pre-adult survivorship (Fig. 1c) of the selected and control
populations did not differ. The gate-width of emergence of the
selected and control populations also did not differ under
conditions of low larval density (Fig. 1d).

ANOVA on the pre-adult development time data revealed that
the effect of genotype (G) was statistically not significant,
although ANOVA on inter-individual variance in development
time showed a statistically significant effect of G (F; 3=29.73;
p<0.01; Fig. 1b,e). Post-hoc multiple comparisons using Tukey’s
test revealed that although the mean development time of the
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Fig. 1. Development time and survivorship of the selected and control
flies. (a) Percentage of flies emerging in 2 h windows from the selected and
control populations. Light and dark shades represent day-time and night-
time, respectively. Time of emergence on the x-axis is measured from the time
of egg-collection. (b) Mean development time of the selected and control
populations. Selected populations show slightly greater development time,
although the difference is not statistically significant. (c) Percentage of flies
surviving from the egg to adult stage (pre-adult survivorship) is not different
between the selected and control populations. (d) Gate-width measured as
duration between the onset of emergence (first 2 h window in the day showing
greater than 5% emergence) and the offset of emergence (last 2 h window
showing greater than 5% emergence) is not different between the selected and
control populations. (e) Standard deviation of development time across
individual flies is greater in the control populations compared to the selected
populations. A total of ~1000 flies each from the selected and control
populations was used in this assay (yielding an overall sample size of n=1969
flies). Error bars are standard errors of mean (SEM). Significant differences
of p<<0.05 from post-hoc comparison are denoted by asterisks. Grey bars
indicate the selected populations and black bars indicate the control populations.

selected and control populations did not differ, selected flies
showed reduced variation in development time compared to the
controls (Fig. 1). These results suggest that flies selected for
narrow gate of emergence do not differ in their pre-adult
development time, but have become more coherent in their
emergence time compared to the controls without incurring any
cost to their pre-adult fitness.

Females from the selected populations live shorter than the
controls and show time of emergence dependent difference
in lifespan

We next compared mean lifespan, which is an important adult
fitness trait, in mated flies from both selected and control

608

populations. We chose flies emerging within a narrow window of
1 h each in the morning and evening as representatives of
adaptive and non-adaptive phenotypes, respectively, since our
selection regime is such that only flies emerging in the morning
window contribute to the next generation. Hence, flies were
selected from the morning window (Zeitgeber Time 01-02, where
time of lights coming on under 12:12 h LD cycles is considered as
ZT00 and lights-off as ZT12) and evening window (ZT10-
11). We found that males, irrespective of the time of emergence,
lived longer than females both in the selected and control
populations. ANOVA revealed statistically significant effects of
sex (S) (F1.1707=23.72, p<0.05) and genotype (G) (F;,;70—=10.78,
»<<0.05). Post-hoc multiple comparisons using Tukey’s test
revealed that morning emerging mated females from the selected
populations lived significantly shorter than morning emerging
controls. Post-hoc multiple comparisons also revealed that in the
selected populations, adult lifespan of morning and evening
emerging males did not differ. Morning emerging females from
the selected populations lived shorter than those emerging in the
evening, although this difference was not statistically significant
(Fig. 2a,b). Such a time of emergence dependent difference in
adult lifespan was not seen in the control flies. These results
suggest reduced lifespan in mated females from the selected
populations and a link between timing of emergence and adult
lifespan resulting in a sex-specific correlated response to selection
for narrow gate of emergence.

Morning emerging flies from the selected populations have
enhanced mid-life fecundity
We also assayed daily fecundity across the adult lifespan of flies
by counting the number of eggs laid by individual females every
day, from the day of emergence until death (Fig. 3a,b). The daily
fecundity of these flies is around 10 eggs per day, which is on the
lower side for outbred populations of D. melanogaster (Fig. 3a).
One of the reasons for this low fecundity could be the smaller
body size of these females owing to their rearing under crowded
larval conditions. Repeated measures ANOVA on the lifetime
fecundity data with window of emergence (W) and genotype
(G) as fixed factors and fecundity across age blocks (A) as
repeated measure, revealed statistically significant effects of W
(F1.183=6.07, p<0.01), A (F335=121.35, p<<0.001) and GxA
(F3366=4.72, p<0.009) and WxGxA interactions (£ 356=10.87,
»<<0.001). The fly populations used in our study have been
maintained on a 21 day generation cycle, which requires them to
lay eggs on the 12th day after emergence to contribute to the next
generation. Therefore, we divided the stages of adult life of flies
into blocks of 12 days each, with early (days 1-12), mid (days
13-24) and late life stages (days 25-36). Only flies that survived
and laid eggs until the age of 36 days were considered for the
analysis. Post-hoc multiple comparisons using Tukey’s test
revealed that the total egg output of the selected and control
flies did not differ statistically; however, there was a trend of
lower early-life fecundity and greater mid-life fecundity in the
selected populations compared to the controls. Post-hoc multiple
comparisons on the early-life fecundity (days 1-12) data revealed
that flies from the control populations emerging in the morning
had greater fecundity than those emerging in the evening
(Fig. 3b). This trend was reversed in the selected populations,
although the difference was statistically not significant.

Mid-life fecundity (days 13—24) of the morning emerging flies
from the selected populations was significantly greater than that
of those emerging in the evening, whereas mid-life fecundity of
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Fig. 2. Survivorship curves and adult lifespan of mated males and
females from the selected and control populations. (a) Relative
percentage of flies survived on the y-axis plotted against the age of flies in
days post emergence on the x-axis. Left and right panels show survivorship
curves of the control and selected populations, respectively, in this section
while top and bottom rows represent male and female flies, respectively.
Each panel compares the survivorship of flies emerging in the morning with
those emerging in the evening window. Continuous lines represent morning
emerging (ZT01-02, M window) flies whereas dashed lines represent
evening emerging (ZT10-11, E window) flies. Morning emerging mated
females from the selected populations have reduced adult lifespan compared
to their controls. (b) Comparisons of the mean log transformed adult lifespan
data between the selected and control populations of the morning and
evening emerging flies. Left and right panels show adult lifespan data of male
and female flies, respectively, in this section alone. Emergence window is
indicated on the x-axis as morning (M) and evening (E) windows. Error bars
are SEM. Significant differences of p<<0.05 from post-hoc comparison are
denoted by asterisks. Grey bars indicate the selected populations and black
bars indicate the control populations. About 200 flies each from the morning
and evening emerging males and females from the selected and control
populations were used for this assay (yielding an overall sample size of
n=1739).

the morning and evening emerging flies from the control
populations did not differ (Fig. 3b). Mid-life fecundity of the
selected populations was also greater than that of the controls,
although this difference was statistically significant. Hence, the
correlation of time of emergence with early-life fecundity, seen in
the controls, is broken in the selected populations as a result of
selection. Instead, the lower early-life fecundity in the morning
emerging flies from the selected populations was compensated by
an increase in their mid-life fecundity. The late-life fecundity was
reduced in the evening emerging flies (compared to morning
emerging flies) across both the populations. These trends were
consistently seen even when the age of the flies was divided into
7 or 10 day age blocks. However, since we excluded those flies
that did not lay eggs even though they were alive for 36 days,
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Fig. 3. Lifetime fecundity and fecundity across age blocks in flies from
the selected and control populations emerging in the morning and
evening windows. (a) Top panels show comparisons of lifetime fecundity
between the selected and control flies emerging in the same window
whereas bottom panels show comparisons across the emergence windows.
The number of eggs laid on a particular day averaged across individuals is
plotted against the age of the fly measured as days after emergence. The
dotted lines represent the divisions of the lifetime into relevant age blocks,
which are then pooled and analysed in the bottom-most panel. (b)
Comparison of fecundity of the selected and control flies across early (1-12),
mid (13-24) and late (25-36) life stages. The very late last stage was
excluded since very few flies survived until 48 days. The sample sizes of flies
that survived until the age of 36, and were thus used for analyses were n=43
and n=47 for the morning and evening emerging windows, respectively, for
the selected populations, and n=49 and n=48 for the morning and evening
emerging windows, respectively, for the control populations. A total of ~45
females each from the morning and evening emerging flies from the selected
and control populations was used (yielding an overall sample size of n=187).
Error bars are SEM. Significant differences of p<0.05 from post-hoc
comparisons are denoted by asterisks.

there was negligible increase in sample size using these smaller
age blocks; hence, we persisted with the analysis on 12 day age
blocks. Thus, the results of our assays revealed that although
selected flies did not show differences in their total egg output,
they displayed an age dependent enhancement in reproductive
output during their mid-life stage. It also demonstrates the effects
of selection for narrow window of emergence on egg output
across different life stages of flies, which provide evidence of a
trade-off between early and mid-life fecundity in the morning
emerging flies from the selected populations.
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DISCUSSION

Correlations between life history traits suggest a common genetic
architecture or somatic cost of certain traits on others. Correlated
responses to selection further affirm that genetic variation upon
which selection acts on a particular trait also includes pleiotropic
effects on other traits. The occurrence of such pleiotropic effects
may be due to functional relatedness among the traits. Although
there is evidence of the role of circadian clocks in the regulation
of development time (Kyriacou et al., 1990; Miyatake, 1997,
Miyatake, 2002; Kumar et al., 2005) and adult lifespan
(Pittendrigh and Minis, 1972; Klarsfeld and Rouyer, 1998;
Hendricks et al., 2003), it is still unclear whether such effects
are solely based on phenotypes or if genetic causation can be
attributed.

The results of our studies suggest that stabilising selection for
narrow gate of emergence in the morning does not affect pre-
adult development time and survivorship. Although we observed
no difference in gate-width between the selected and control
populations, it must be noted that the development time assay was
done under uncrowded conditions (30 eggs per vial) in contrast to
the normal maintenance conditions for the populations where
the larval density is about 300 eggs per vial. In the crowded
maintenance conditions, the gate-width of emergence of the
selected populations has evolved to be significantly shorter
than the controls as a direct response to selection (Kannan
et al., 2012). Such differences in the expression of response to
selection in assay environments different from the maintenance
environment have also been reported previously (Ackermann
et al., 2001). However, despite the absence of differences in their
mean development time, flies from the selected populations
showed lower inter-individual variance in development time. This
results in greater coherence in emergence time in selected
populations.

Moreover, circadian period and development time are usually
positively correlated, with short period individuals developing
faster than those with long period (Kyriacou et al., 1990; Yadav
and Sharma, 2013; Miyatake, 1997), therefore, the lack of change
in the mean development time of the selected populations
(Fig. 1b) despite shortening of period (Kannan et al., 2012) is
counterintuitive. This observation can be partly explained by the
fact that flies from the selected populations show enhanced
synchrony and reduced gate-width of emergence, due to
strengthened effect of emergence gate, which may prevent flies
from emerging outside the morning selection window even if they
are developmentally mature (Mukherjee et al., 2012). This is
consistent with an overall increase in precision of both emergence
and activity/rest rthythms in the selected populations (Kannan
et al., 2012).

Mated males from the selected populations live as long as the
controls, whereas mated females from the selected populations
have significantly reduced adult lifespan compared to the
controls. Thus, there appears to be a sex-specific evolution of
reduced lifespan in the females of the selected populations. There
are reports of sexual dimorphism in ageing and mortality in
several species with males usually being shorter lived than
females (Owens, 2002; Clutton-Brock et al., 1985; Promislow
and Harvey, 1990) due to factors such as competition,
physiological costs of sex hormones and high-risk, high-return
reproductive strategies (Trivers, 1972; Vinogradov, 1998).
However, empirical studies confirm that such male biased
mortality is not universal across species due to factors such as
selection pressure, increased male mating success with age and
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variable sex roles (Bonduriansky et al., 2008; Promislow, 2003).
Since our assay conditions presumably do not result in intense
male competition, we do not see a reduction in male lifespan
(Fig. 2). Additionally, it is known that artificial selection can
result in sex-specific responses (Winkler et al., 2012; Hoffmann
et al., 2005). Our observations are consistent with the fact that
quantitative trait loci for longevity in D. melanogaster show sex-
specific effects on lifespan (Nuzhdin et al., 1997).

Although adult lifespan of morning and evening emerging
males from the selected populations does not differ, morning
emerging females live shorter than their evening emerging
counterparts (Fig. 2). Interestingly, flies from the control
populations do not show such time of emergence dependent
difference in adult lifespan. This reduction in lifespan of the
morning emerging females from the selected populations can be
attributed to mating and reproductive costs on survival since this
lower lifespan is compensated by greater mid-life fecundity in
these flies (Fig. 3). These results suggest that morning emergence
is correlated with greater mid-life fecundity around the day of
egg-collection in the maintenance regime of these populations,
and has a fitness advantage for flies from the selected populations
in terms of becoming a part of the breeding pool for the next
generation. This enhancement of egg output around the day of
egg collection has been reported in studies where early or late
fecundity has been selected for in fly populations (Rose and
Charlesworth, 1981b). This may be due to age-specific genetic
variance in fecundity (Tatar et al., 1996; Leips et al., 2006).
Lower adult lifespan and higher mid-life fecundity in females
from the selected populations emerging in the selection window
as a correlated response to selection for narrow gate of emergence
can be taken as evidence of antagonistically pleiotropic effects or
trade-offs between these traits (Reznick, 1985). This evolution of
enhanced egg production at the cost of adult lifespan in
females is noteworthy but nevertheless understandable, given
the importance of fecundity in female reproductive fitness.
Such sex-specific effects on reproductive trade-offs have been
previously reported in natural populations of crickets (Zajitschek
et al., 2009). Thus, stabilising selection on narrow window of
emergence enhances mid-life fecundity of flies, although at the
cost of reduced adult lifespan.

Morning emerging flies from both the populations show greater
late-life fecundity relative to those emerging in the evening. Late-
life fecundity plateaus in females, which lay fewer eggs early in
their life (Rose and Charlesworth, 1981a). However, in controls,
the morning emerging flies not only have higher early-life
fecundity, they also lay more eggs during their late-life stage
compared to the evening emerging flies. On the other hand,
morning emerging flies from the selected populations
compromised their early-life fecundity for greater mid-life
fecundity. These results are consistent with the notion of trade-
off in reproductive efforts between the successive life stages
(Williams, 1966; Gadgil and Bossert, 1970), which predicts that
females that lay fewer eggs early in their life, live longer and lay
more eggs later in their life (Rauser et al., 2003). Such negative
correlations between fecundity at different stages of life, and
between high fecundity and adult lifespan have been reported
earlier in Drosophila (Rose and Charlesworth, 1981a; Rose and
Charlesworth, 1981b). Thus, selection for narrow window of
emergence yields morning emerging females with greater mid-
life fecundity at the cost of reduced early-life fecundity and adult
lifespan, consistent with the expectation of trade-offs between
life-history traits.
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Morning emerging mated females have higher mid-life
fecundity than those emerging in the evening, which is
consistent with the fact that evening emergence is maladaptive
in flies from the selected populations. Since in these fly
populations, emergence in the morning is strictly selected for,
the proportion of flies emerging in the morning is much greater
than those emerging in the evening (Kannan et al., 2012). Thus,
although fecundity of selected populations is reduced compared
to the controls at late-life stage, under the given protocol of a 21
day generation cycle, flies from the selected populations would
have an adaptive advantage in terms of survival and egg output on
the day when it matters the most. Hence, we can conclude that
female flies selected for narrow gate of emergence have greater
reproductive fitness than the controls under the maintenance
regime. However, we have only considered flies with mean and
extreme phenotypes of emergence timing and compared their life
history traits, while conclusions regarding overall fitness of a
population should be based on a more random sampling of flies
from the population. Since a great majority of the flies emerge
around the morning window of selection; our conclusions are
likely to be robust for flies emerging across the day.

In summary, the results of our study revealed reduction in the
variance in development time at no cost to pre-adult fitness. Adult
lifespan of females from the selected populations is shorter
compared to the controls. However, this reduction of lifespan in
females is compensated by a concurrent increase in their mid-life
fecundity. Flies from the selected populations show time of
emergence dependent difference in adult fitness, albeit in a sex-
specific manner. Morning emerging females from the selected
populations live shorter than their evening emerging counterparts.
Morning emerging females from the selected populations lay
more eggs at the mid-life stage suggesting enhanced reproductive
fitness under the maintenance regime. Interestingly, such time-of-
emergence based differences in adult fitness traits are not seen in
the controls. Thus, we find evidence of enhanced age-specific
reproductive output in females from the selected populations for
emergence in the morning compared to evening. We interpret
these results as evidence of genetic correlations between timing
of emergence and life history traits, which indicate adaptive
significance of enhanced clock precision in these flies.

MATERIALS AND METHODS

Stock maintenance and standardisation

The populations used in the present study were derived from four
ancestral baseline populations of D. melanogaster that have been
maintained in the laboratory for several hundred generations under
12:12 h light/dark cycles (LD) at 25°C on banana-jaggery (BJ) food
(Sheeba et al., 1998). Four precision populations were initiated by
selecting for flies that emerged during Zeitgeber Time 01-02 (ZT01-02),
where time of lights coming on under 12:12 h LD cycles is considered as
ZT00 and lights-off as ZT12. Four control populations were also initiated
along with the selected populations in which flies emerging throughout
the day were used. Therefore, the control populations experienced all
conditions similar to the selected populations except that they were not
under any conscious selection for the timing of emergence. Flies
emerging over four successive days (9-12th day after egg collection)
were collected to form the breeding pool for the next generation. A total
of 1200 adults per population, with approximately equal number of males
and females, was maintained in plexiglass cages of 25x20x15 cm®
dimension with BJ medium. Flies were fed with yeast—acetic-acid paste
for 3 days before egg collection to induce egg production. Three days
later, eggs were collected over a 3 h window on BJ medium and
approximately ~300 eggs were transferred into glass vials (18 cm height
x 2.4 cm diameter) containing ~10 ml of BJ medium. Exactly 48 and 16

such vials were set-up in every generation for each of the selected and
control populations, respectively. Both selected and control populations
were maintained on a 21 day discrete (non-overlapping) generation cycle.
To minimise non-genetic parental effects, which may have been caused
by the imposition of the selection protocol, prior to all our assays, the
selected and control populations were subjected to one generation of
common rearing when the selection pressure was relaxed. The progeny of
such flies will be henceforth referred to as “standardised flies”.

Development time and survivorship assays

After 90 generations of selection, the pre-adult development time and
survivorship of flies from the selected and control populations were
assessed. From each standardised population, eggs laid during a 2 h
window (ZT01-03) were collected and exactly 30 eggs were dispensed
into each long vial (18 cm height x 2.4 cm diameter) containing ~6 ml BJ
medium. For the assays, ten such vials from each replicate population were
introduced into cyclic LD condition created inside an incubator (Percival,
Perry, IA, USA). Temperature (25+1°C) and humidity (75+5%) inside the
incubator were monitored throughout the study and were found to be
stable. Fluorescent white light of intensity ~100 lux was used during the
light phase and dim red light of wavelength greater than 650 nm was used
during the dark phase of LD cycles. About 1200 eggs each of the selected
and control populations were dispensed into glass vials with 30 eggs per
vial, out of which a total of ~1000 flies emerged as adults for selected and
control populations and their development times were recorded, yielding
an overall sample size of n=1969 flies. Vials containing eggs were
monitored daily for darkened pupae and thereafter every 2 h for emerging
adults. To estimate pre-adult development time and survivorship, adults
were collected every 2 h and counted. The development time of a fly, in
hours, was calculated as the time interval between the midpoint of 2 h egg
collection window and the mid-point of 2 h period during which the fly
emerged as adult. For the analysis on time of emergence, percentage of
flies emerging every 2 h was used. Pre-adult survivorship was estimated as
the fraction of eggs, in each vial, that successfully developed and emerged
as adults. The gate-width of emergence was taken as duration between the
onset of emergence (first 2 h window in the day showing greater than 5%
emergence) and the offset of emergence (last 2 h window showing greater
than 5% emergence). The threshold of 5% has been used as a standard cut-
off for measuring gate-width in previous studies on these populations as
well as other flies (Kannan et al., 2012; Prabhakaran et al., 2013).

Adult lifespan assay

Adult lifespan of flies from the selected and control populations was
assessed after 100 generations of selection. From the standardised
populations of selected and control flies, eggs laid over a 2 h window on
BJ medium were collected. From each replicate population, ~300 eggs
were transferred into glass vials (18 cm height x 2.4 cm diameter)
containing 10 ml of BJ medium. For each population, 24 such vials were
maintained under LD cycles until the adults emerged. From the
standardised populations we collected flies, which emerged during the
selection (ZT01-02: morning — M) and evening windows (ZT10-11:
evening — E) to represent the mean and extreme emergence phenotypes,
respectively. For the adult lifespan assay of mated flies, 4 males and 4
females were introduced in each vial and adult lifespan of twenty such
vials for each replicate population were monitored until all flies in all the
vials died. Flies were provided with fresh BJ medium every alternate day
and vials were checked every day for the death of flies. From the selected
populations, 225 morning emerging and 159 evening emerging males,
and 248 morning emerging and 183 evening emerging females were used
for this assay. Similarly, from the control populations, 221 morning
emerging and 206 evening emerging males, and 258 morning emerging
and 239 evening emerging females were used, yielding an overall sample
size of n=1739 flies.

Fecundity assay

After 100 generations of selection, fecundity of flies from the selected
and control populations was assayed to examine if there was any effect of
selection on the reproductive fitness. From the standardised populations
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we collected flies, which emerged during the morning (ZT01-02) and
evening windows (ZT10-11), similar to the lifespan assay. From these
two sets of flies (morning and evening emerging), males and females
were introduced in pairs into glass vials containing ~3 ml of BJ food.
Twenty such vials from each population were introduced into LD cycles.
The number of eggs laid every day post-emergence until the day of death
of the female was counted to assess lifetime fecundity of the fly. During
the fecundity assay, flies were transferred into fresh food vials every day
and the number of eggs laid on the previous day was recorded. The
duration of average lifespan was divided into equal windows of 12 days
based on the intervals of age with distinct patterns of egg-laying to
compare across selected and control populations and the two emergence
windows. Thus the age of females was divided into early (1-12 days),
mid (13-24 days) and late (25-36 days) life stages. Since very few flies
lived until the late-life stage (37—48 days) and eggs laid at this stage was
very low, we did not include this age block in the analyses. Overall, 43
morning emerging and 47 evening emerging females from the selected
populations and 49 morning emerging and 48 evening emerging females
from the control populations were used, yielding an overall sample size
of n=187 flies.

Statistical analysis

Time of emergence was analysed using mixed model analysis of
variance (ANOVA) treating replicate populations as random factor and
genotype (G) and timing of emergence (T) as fixed factors. Pre-adult
development time and survivorship were analysed separately using
mixed model analysis of variance (ANOVA) treating replicate
populations as random factor and genotype (G) as fixed factor. For
the adult lifespan assay, genotype (G), sex (S) and emergence window
(W) were treated as fixed factors. All the analyses for adult lifespan
were performed on natural log transformed values of the individual
lifespan data, since the adult lifespan data have a long right-hand tail for
which mean value is not an appropriate measure for comparison.
Repeated measures ANOVA was used for the lifetime fecundity data
with emergence window (W) and genotype (G) as fixed factors and
daily number of eggs as the repeated measure across age blocks (A).
The fecundity data across four replicate populations were pooled after
noting that there was no main effect of the replicate populations. Post
hoc multiple comparisons were done using Tukey’s test. The error bars
used in the figures are standard error of mean (SEM). All our analyses
were implemented on STATISTICA for Windows Release 5.0 B (1995,
StatSoft).

Acknowledgements

We thank Jery Joy for assistance during the development time assay, and
Rajanna and Muniraju for assistance with vial preparation and fly maintenance.
We thank two anonymous reviewers for suggesting changes to a previous version
of the manuscript.

Competing interests
The authors have no competing interests to declare.

Funding
We thank CSIR and UGC for financial assistance in the form of a research
fellowship to V.V. and N.N.K.

References

Ackermann, M., Bijlsma, R., James, A. C., Partridge, L., Zwaan, B. J. and
Stearns, S. C. (2001). Effects of assay conditions in life history experiments with
Drosophila melanogaster. J. Evol. Biol. 14, 199-209.

Aronson, B. D., Johnson, K. A., Loros, J. J. and Dunlap, J. C. (1994). Negative
feedback defining a circadian clock: autoregulation of the clock gene frequency.
Science 263, 1578-1584.

Aschoff, J. (1967). Adaptive cycles: their significance for defining environmental
hazards. Int. J. Biometeorol. 11, 255-278.

Aton, S. J., Colwell, C. S., Harmar, A. J., Waschek, J. and Herzog, E. D. (2005).
Vasoactive intestinal polypeptide mediates circadian rhythmicity and synchrony
in mammalian clock neurons. Nat. Neurosci. 8, 476-483.

Barton, N. H. (1990). Pleiotropic models of quantitative variation. Genetics 124,
773-782.

Barton, N. H. and Keightley, P. D. (2002). Understanding quantitative genetic
variation. Nat. Rev. Genet. 3, 11-21.

612

Beaver, L. M., Gvakharia, B. O., Vollintine, T. S., Hege, D. M., Stanewsky, R.
and Giebultowicz, J. M. (2002). Loss of circadian clock function decreases
reproductive fitness in males of Drosophila melanogaster. Proc. Natl. Acad. Sci.
USA 99, 2134-21309.

Beaver, L. M., Rush, B. L., Gvakharia, B. O. and Giebultowicz, J. M. (2003).
Noncircadian regulation and function of clock genes period and timeless in
oogenesis of Drosophila melanogaster. J. Biol. Rhythms 18, 463-472.

Bittman, E. L. (2012). Does the precision of a biological clock depend upon its
period? Effects of the duper and tau mutations in Syrian hamsters. PLoS ONE 7,
e36119.

Bonduriansky, R., Maklakov, A., Zajitschek, F. and Brooks, R. (2008). Sexual
selection, sexual conflict and the evolution of ageing and lifespan. Funct. Ecol.
22, 443-453.

Ciarleglio, C. M., Gamble, K. L., Axley, J. C., Strauss, B. R., Cohen, J. Y.,
Colwell, C. S. and McMahon, D. G. (2009). Population encoding by circadian
clock neurons organizes circadian behavior. J. Neurosci. 29, 1670-1676.

Clodong, S., Diihring, U., Kronk, L., Wilde, A., Axmann, l., Herzel, H. and
Kollmann, M. (2007). Functioning and robustness of a bacterial circadian clock.
Mol. Syst. Biol. 3, 90.

Cloudsley-Thompson, J. L. (1960). Adaptive functions of circadian rhythms. Cold
Spring Harb. Symp. Quant. Biol. 25, 345-355.

Clutton-Brock, T. H., Albon, S. D. and Guinness, F. E. (1985). Parental
investment and sex differences in juvenile mortality in birds and mammals.
Nature 313, 131-133.

Connallon, T. and Clark, A. G. (2013). Antagonistic versus nonantagonistic
models of balancing selection: characterizing the relative timescales and
hitchhiking effects of partial selective sweeps. Evolution 67, 908-917.

Daan, S. (2000). Colin Pittendrigh, Jiirgen Aschoff, and the natural entrainment of
circadian systems. J. Biol. Rhythms 15, 195-207.

Dunlap, J. C. and Loros, J. J. (2004). The neurospora circadian system. J. Biol.
Rhythms 19, 414-424.

Enright, J. T. (1980). Temporal precision in circadian systems: a reliable neuronal
clock from unreliable components? Science 209, 1542-1545.

Fleury, F., Allemand, R., Vavre, F., Fouillet, P. and Boulétreau, M. (2000).
Adaptive significance of a circadian clock: temporal segregation of activities
reduces intrinsic competitive inferiority in Drosophila parasitoids. Proc. R. Soc. B
267, 1005-1010.

Gadgil, M. and Bossert, W. H. (1970). Life historical consequences of natural
selection. Am. Nat. 104, 1-24.

Hardin, P. E., Hall, J. C. and Rosbash, M. (1990). Feedback of the Drosophila
period gene product on circadian cycling of its messenger RNA levels. Nature
343, 536-540.

Harrington, M., Molyneux, P., Soscia, S., Prabakar, C., McKinley-Brewer, J.
and Lall, G. (2007). Behavioral and neurochemical sources of variability of
circadian period and phase: studies of circadian rhythms of npy—/— mice. Am.
J. Physiol. 292, R1306-R1314.

Hendricks, J. C., Lu, S., Kume, K., Yin, J. C., Yang, Z. and Sehgal, A. (2003).
Gender dimorphism in the role of cycle (BMAL1) in rest, rest regulation, and
longevity in Drosophila melanogaster. J. Biol. Rhythms 18, 12-25.

Herzog, E. D., Aton, S. J., Numano, R., Sakaki, Y. and Tei, H. (2004). Temporal
precision in the mammalian circadian system: a reliable clock from less reliable
neurons. J. Biol. Rhythms 19, 35-46.

Hoffmann, A. A., Hallas, R., Anderson, A. R. and Telonis-Scott, M. (2005).
Evidence for a robust sex-specific trade-off between cold resistance and
starvation resistance in Drosophila melanogaster. J. Evol. Biol. 18, 804-810.

Hunter-Ensor, M., Ousley, A. and Sehgal, A. (1996). Regulation of the
Drosophila protein timeless suggests a mechanism for resetting the circadian
clock by light. Cell 84, 677-685.

Kannan, N. N., Vaze, K. M. and Sharma, V. K. (2012). Clock accuracy and
precision evolve as a consequence of selection for adult emergence in a narrow
window of time in fruit flies Drosophila melanogaster. J. Exp. Biol. 215, 3527-
3534.

Klarsfeld, A. and Rouyer, F. (1998). Effects of circadian mutations and LD
periodicity on the life span of Drosophila melanogaster. J. Biol. Rhythms 13,
471-478.

Kumar, S., Mohan, A. and Sharma, V. K. (2005). Circadian dysfunction reduces
lifespan in Drosophila melanogaster. Chronobiol. Int. 22, 641-653.

Kumar, S., Vaze, K. M., Kumar, D. and Sharma, V. K. (2006). Selection for early
and late adult emergence alters the rate of pre-adult development in Drosophila
melanogaster. BMC Dev. Biol. 6, 57.

Kyriacou, C. P., Oldroyd, M., Wood, J., Sharp, M. and Hill, M. (1990). Clock
mutations alter developmental timing in Drosophila. Heredity 64, 395-401.

Leips, J., Gilligan, P. and Mackay, T. F. C. (2006). Quantitative trait loci with age-
specific effects on fecundity in Drosophila melanogaster. Genetics 172, 1595-
1605.

Liu, C., Weaver, D. R., Strogatz, S. H. and Reppert, S. M. (1997). Cellular
construction of a circadian clock: period determination in the suprachiasmatic
nuclei. Cell 91, 855-860.

Miyatake, T. (1997). Correlated responses to selection for developmental period in
Bactrocera cucurbitae (Diptera: Tephritidae): time of mating and daily activity
rhythms. Behav. Genet. 27, 489-498.

Miyatake, T. (2002). Circadian rhythm and time of mating in Bactrocera cucurbitae
(Diptera: Tephritidae) selected for age at reproduction. Heredity 88, 302-306.
Mukherjee, N., Kannan, N. N., Yadav, P. and Sharma, V. K. (2012). A model

based on oscillatory threshold and build-up of a developmental substance

c
o
ot

O
>
(o)

o

2

m



http://dx.doi.org/10.1046/j.1420-9101.2001.00281.x
http://dx.doi.org/10.1046/j.1420-9101.2001.00281.x
http://dx.doi.org/10.1046/j.1420-9101.2001.00281.x
http://dx.doi.org/10.1126/science.8128244
http://dx.doi.org/10.1126/science.8128244
http://dx.doi.org/10.1126/science.8128244
http://dx.doi.org/10.1007/BF01426649
http://dx.doi.org/10.1007/BF01426649
http://dx.doi.org/10.1038/nn1419
http://dx.doi.org/10.1038/nn1419
http://dx.doi.org/10.1038/nn1419
http://dx.doi.org/10.1038/nrg700
http://dx.doi.org/10.1038/nrg700
http://dx.doi.org/10.1073/pnas.032426699
http://dx.doi.org/10.1073/pnas.032426699
http://dx.doi.org/10.1073/pnas.032426699
http://dx.doi.org/10.1073/pnas.032426699
http://dx.doi.org/10.1177/0748730403259108
http://dx.doi.org/10.1177/0748730403259108
http://dx.doi.org/10.1177/0748730403259108
http://dx.doi.org/10.1371/journal.pone.0036119
http://dx.doi.org/10.1371/journal.pone.0036119
http://dx.doi.org/10.1371/journal.pone.0036119
http://dx.doi.org/10.1111/j.1365-2435.2008.01417.x
http://dx.doi.org/10.1111/j.1365-2435.2008.01417.x
http://dx.doi.org/10.1111/j.1365-2435.2008.01417.x
http://dx.doi.org/10.1523/JNEUROSCI.3801-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.3801-08.2009
http://dx.doi.org/10.1523/JNEUROSCI.3801-08.2009
http://dx.doi.org/10.1038/msb4100128
http://dx.doi.org/10.1038/msb4100128
http://dx.doi.org/10.1038/msb4100128
http://dx.doi.org/10.1101/SQB.1960.025.01.035
http://dx.doi.org/10.1101/SQB.1960.025.01.035
http://dx.doi.org/10.1038/313131a0
http://dx.doi.org/10.1038/313131a0
http://dx.doi.org/10.1038/313131a0
http://dx.doi.org/10.1111/j.1558-5646.2012.01800.x
http://dx.doi.org/10.1111/j.1558-5646.2012.01800.x
http://dx.doi.org/10.1111/j.1558-5646.2012.01800.x
http://dx.doi.org/10.1177/074873040001500301
http://dx.doi.org/10.1177/074873040001500301
http://dx.doi.org/10.1177/0748730404269116
http://dx.doi.org/10.1177/0748730404269116
http://dx.doi.org/10.1126/science.7433976
http://dx.doi.org/10.1126/science.7433976
http://dx.doi.org/10.1098/rspb.2000.1103
http://dx.doi.org/10.1098/rspb.2000.1103
http://dx.doi.org/10.1098/rspb.2000.1103
http://dx.doi.org/10.1098/rspb.2000.1103
http://dx.doi.org/10.1086/282637
http://dx.doi.org/10.1086/282637
http://dx.doi.org/10.1038/343536a0
http://dx.doi.org/10.1038/343536a0
http://dx.doi.org/10.1038/343536a0
http://dx.doi.org/10.1152/ajpregu.00383.2006
http://dx.doi.org/10.1152/ajpregu.00383.2006
http://dx.doi.org/10.1152/ajpregu.00383.2006
http://dx.doi.org/10.1152/ajpregu.00383.2006
http://dx.doi.org/10.1177/0748730402239673
http://dx.doi.org/10.1177/0748730402239673
http://dx.doi.org/10.1177/0748730402239673
http://dx.doi.org/10.1177/0748730403260776
http://dx.doi.org/10.1177/0748730403260776
http://dx.doi.org/10.1177/0748730403260776
http://dx.doi.org/10.1111/j.1420-9101.2004.00871.x
http://dx.doi.org/10.1111/j.1420-9101.2004.00871.x
http://dx.doi.org/10.1111/j.1420-9101.2004.00871.x
http://dx.doi.org/10.1016/S0092-8674(00)81046-6
http://dx.doi.org/10.1016/S0092-8674(00)81046-6
http://dx.doi.org/10.1016/S0092-8674(00)81046-6
http://dx.doi.org/10.1242/jeb.074534
http://dx.doi.org/10.1242/jeb.074534
http://dx.doi.org/10.1242/jeb.074534
http://dx.doi.org/10.1242/jeb.074534
http://dx.doi.org/10.1177/074873098129000309
http://dx.doi.org/10.1177/074873098129000309
http://dx.doi.org/10.1177/074873098129000309
http://dx.doi.org/10.1080/07420520500179423
http://dx.doi.org/10.1080/07420520500179423
http://dx.doi.org/10.1186/1471-213X-6-57
http://dx.doi.org/10.1186/1471-213X-6-57
http://dx.doi.org/10.1186/1471-213X-6-57
http://dx.doi.org/10.1038/hdy.1990.50
http://dx.doi.org/10.1038/hdy.1990.50
http://dx.doi.org/10.1534/genetics.105.048520
http://dx.doi.org/10.1534/genetics.105.048520
http://dx.doi.org/10.1534/genetics.105.048520
http://dx.doi.org/10.1016/S0092-8674(00)80473-0
http://dx.doi.org/10.1016/S0092-8674(00)80473-0
http://dx.doi.org/10.1016/S0092-8674(00)80473-0
http://dx.doi.org/10.1023/A:1025682618895
http://dx.doi.org/10.1023/A:1025682618895
http://dx.doi.org/10.1023/A:1025682618895
http://dx.doi.org/10.1038/sj.hdy.6800044
http://dx.doi.org/10.1038/sj.hdy.6800044
http://dx.doi.org/10.1242/jeb.071290
http://dx.doi.org/10.1242/jeb.071290

RESEARCH ARTICLE

Biology Open (2014) 3, 606—613 doi:10.1242/bi0.20147906

explains gating of adult emergence in Drosophila melanogaster. J. Exp. Biol.
215, 2960-2968.

Nuzhdin, S. V., Pasyukova, E. G., Dilda, C. L., Zeng, Z. B. and Mackay, T. F. C.
(1997). Sex-specific quantitative trait loci affecting longevity in Drosophila
melanogaster. Proc. Natl. Acad. Sci. USA 94, 9734-9739.

Owens, |. P. (2002). Ecology and evolution. Sex differences in mortality rate.
Science 297, 2008-2009.

Peng, Y., Stoleru, D., Levine, J. D., Hall, J. C. and Rosbash, M. (2003).
Drosophila free-running rhythms require intercellular communication. PLoS Biol.
1, e13.

Pittendrigh, C. S. (1993). Temporal organization: reflections of a Darwinian clock-
watcher. Annu. Rev. Physiol. 55, 17-54.

Pittendrigh, C. S. and Daan, S. (1976). A functional analysis of circadian
pacemakers in nocturnal rodents. |I. The stability and lability of spontaneous
frequency. J. Comp. Physiol. 106, 223-252.

Pittendrigh, C. S. and Minis, D. H. (1972). Circadian systems: longevity as a
function of circadian resonance in Drosophila melanogaster. Proc. Natl. Acad.
Sci. USA 69, 1537-1539.

Prabhakaran, P. M., De, J. and Sheeba, V. (2013). Natural conditions override
differences in emergence rhythm among closely related drosophilids. PLoS
ONE 8, e83048.

Promislow, D. (2003). Mate choice, sexual conflict, and evolution of senescence.
Behav. Genet. 33, 191-201.

Promislow, D. E. L. and Harvey, P. H. (1990). Living fast and dying young: a
comparative analysis of life-history variation among mammals. J. Zool. (Lond.)
220, 417-437.

Rauser, C. L., Mueller, L. D. and Rose, M. R. (2003). Aging, fertility, and
immortality. Exp. Gerontol. 38, 27-33.

Reznick, D. (1985). Costs of reproduction: an evaluation of the empirical
evidence. Oikos 44, 257-267.

Roff, D. A. (1996). The evolution of genetic correlations: an analysis of patterns.
Evolution 50, 1392-1403.

Rose, M. R. and Charlesworth, B. (1981a). Genetics of life history in Drosophila
melanogaster. I. Sib analysis of adult females. Genetics 97, 173-186.

Rose, M. R. and Charlesworth, B. (1981b). Genetics of life history in Drosophila
melanogaster. Il. Exploratory selection experiments. Genetics 97, 187-196.

Saunders, D. S. (2002). Insect Clocks, 3rd edition. Amsterdam: Elsevier.

Sharma, V. K. (2003). Adaptive significance of circadian clocks. Chronobiol. Int.
20, 901-919.

Sharma, V. K. and Chandrashekaran, M. K. (1999). Precision of a mammalian
circadian clock. Naturwissenschaften 86, 333-335.

Sheeba, V., Aravinda Madhyastha, N. A. and Joshi, A. (1998). Oviposition
preference for novel versus normal food resources in laboratory populations of
Drosophila melanogaster. J. Biosci. 23, 93-100.

Sheeba, V., Sharma, V. K., Shubha, K., Chandrashekaran, M. K. and Joshi, A.
(2000). The effect of different light regimes on adult life span in Drosophila
melanogaster is partly mediated through reproductive output. J. Biol. Rhythms
15, 380-392.

Takahashi, K. H., Teramura, K., Muraoka, S., Okada, Y. and Miyatake, T.
(2013). Genetic correlation between the pre-adult developmental period and
locomotor activity rhythm in Drosophila melanogaster. Heredity 110, 312-
320.

Tatar, M., Promislow, D. E. L., Khazaeli, A. A. and Curtsinger, J. W. (1996). Age-
specific patterns of genetic variance in Drosophila melanogaster. Il. Fecundity and
its genetic covariance with age-specific mortality. Genetics 143, 849-858.

Travis, J. (1989). The role of optimizing selection in natural populations. Annu.
Rev. Ecol. Syst. 20, 279-296.

Trivers, R. L. (1972). Parental investment and sexual selection. In Sexual Selection
and the Descent of Man (ed. B. Campbell), pp. 136-179. Chicago, IL: Aldine.
Vaze, K. M. and Sharma, V. K. (2013). On the adaptive significance of circadian

clocks for their owners. Chronobiol. Int. 30, 413-433.

Vinogradov, A. E. (1998). Male reproductive strategy and decreased longevity.
Acta Biotheor. 46, 157-160.

von Saint Paul, U. and Aschoff, J. (1978). Longevity among blowflies Phormia
terraenovae R.D. kept in non-24-hour light-dark cycles. J. Comp. Physiol. 127,
191-195.

Webb, A. B., Angelo, N., Huettner, J. E. and Herzog, E. D. (2009). Intrinsic,
nondeterministic circadian rhythm generation in identified mammalian neurons.
Proc. Natl. Acad. Sci. USA 106, 16493-16498.

Williams, G. C. (1966). Natural selection, the costs of reproduction, and a
refinement of Lack’s principle. Am. Nat. 100, 687-690.

Winkler, J. D., Stélting, K. N. and Wilson, A. B. (2012). Sex-specific responses
to fecundity selection in broad-nosed pipefish. Evol. Ecol. 26, 701-714.

Yadav, P. and Sharma, V. K. (2013). Correlated changes in circadian clocks in
response to selection for faster pre-adult development in fruit flies Drosophila
melanogaster. J. Comp. Physiol. B 183, 333-343.

Zajitschek, F., Bonduriansky, R., Zajitschek, S. R. and Brooks, R. C. (2009).
Sexual dimorphism in life history: age, survival, and reproduction in male and
female field crickets Teleogryllus commodus under seminatural conditions. Am.
Nat. 173, 792-802.

Zeng, H., Qian, Z., Myers, M. P. and Rosbash, M. (1996). A light-entrainment
mechanism for the Drosophila circadian clock. Nature 380, 129-135.

613

c
o
ot

O
>
(o)

o

2

m



http://dx.doi.org/10.1242/jeb.071290
http://dx.doi.org/10.1242/jeb.071290
http://dx.doi.org/10.1073/pnas.94.18.9734
http://dx.doi.org/10.1073/pnas.94.18.9734
http://dx.doi.org/10.1073/pnas.94.18.9734
http://dx.doi.org/10.1126/science.1076813
http://dx.doi.org/10.1126/science.1076813
http://dx.doi.org/10.1371/journal.pbio.0000013
http://dx.doi.org/10.1371/journal.pbio.0000013
http://dx.doi.org/10.1371/journal.pbio.0000013
http://dx.doi.org/10.1146/annurev.ph.55.030193.000313
http://dx.doi.org/10.1146/annurev.ph.55.030193.000313
http://dx.doi.org/10.1007/BF01417856
http://dx.doi.org/10.1007/BF01417856
http://dx.doi.org/10.1007/BF01417856
http://dx.doi.org/10.1073/pnas.69.6.1537
http://dx.doi.org/10.1073/pnas.69.6.1537
http://dx.doi.org/10.1073/pnas.69.6.1537
http://dx.doi.org/10.1371/journal.pone.0083048
http://dx.doi.org/10.1371/journal.pone.0083048
http://dx.doi.org/10.1371/journal.pone.0083048
http://dx.doi.org/10.1023/A:1022562103669
http://dx.doi.org/10.1023/A:1022562103669
http://dx.doi.org/10.1111/j.1469-7998.1990.tb04316.x
http://dx.doi.org/10.1111/j.1469-7998.1990.tb04316.x
http://dx.doi.org/10.1111/j.1469-7998.1990.tb04316.x
http://dx.doi.org/10.1016/S0531-5565(02)00148-1
http://dx.doi.org/10.1016/S0531-5565(02)00148-1
http://dx.doi.org/10.2307/3544698
http://dx.doi.org/10.2307/3544698
http://dx.doi.org/10.2307/2410877
http://dx.doi.org/10.2307/2410877
http://dx.doi.org/10.1081/CBI-120026099
http://dx.doi.org/10.1081/CBI-120026099
http://dx.doi.org/10.1007/s001140050628
http://dx.doi.org/10.1007/s001140050628
http://dx.doi.org/10.1007/BF02703000
http://dx.doi.org/10.1007/BF02703000
http://dx.doi.org/10.1007/BF02703000
http://dx.doi.org/10.1177/074873000129001477
http://dx.doi.org/10.1177/074873000129001477
http://dx.doi.org/10.1177/074873000129001477
http://dx.doi.org/10.1177/074873000129001477
http://dx.doi.org/10.1038/hdy.2012.88
http://dx.doi.org/10.1038/hdy.2012.88
http://dx.doi.org/10.1038/hdy.2012.88
http://dx.doi.org/10.1038/hdy.2012.88
http://dx.doi.org/10.1146/annurev.es.20.110189.001431
http://dx.doi.org/10.1146/annurev.es.20.110189.001431
http://dx.doi.org/10.3109/07420528.2012.754457
http://dx.doi.org/10.3109/07420528.2012.754457
http://dx.doi.org/10.1023/A:1001181921303
http://dx.doi.org/10.1023/A:1001181921303
http://dx.doi.org/10.1007/BF01350109
http://dx.doi.org/10.1007/BF01350109
http://dx.doi.org/10.1007/BF01350109
http://dx.doi.org/10.1073/pnas.0902768106
http://dx.doi.org/10.1073/pnas.0902768106
http://dx.doi.org/10.1073/pnas.0902768106
http://dx.doi.org/10.1086/282461
http://dx.doi.org/10.1086/282461
http://dx.doi.org/10.1007/s10682-011-9516-4
http://dx.doi.org/10.1007/s10682-011-9516-4
http://dx.doi.org/10.1007/s00360-012-0716-1
http://dx.doi.org/10.1007/s00360-012-0716-1
http://dx.doi.org/10.1007/s00360-012-0716-1
http://dx.doi.org/10.1086/598486
http://dx.doi.org/10.1086/598486
http://dx.doi.org/10.1086/598486
http://dx.doi.org/10.1086/598486
http://dx.doi.org/10.1038/380129a0
http://dx.doi.org/10.1038/380129a0

	Fig 1
	Fig 2
	Fig 3
	Ref 1
	Ref 2
	Ref 3
	Ref 4
	Ref 5
	Ref 6
	Ref 7
	Ref 8
	Ref 9
	Ref 10
	Ref 11
	Ref 12
	Ref 13
	Ref 14
	Ref 15
	Ref 16
	Ref 17
	Ref 18
	Ref 19
	Ref 20
	Ref 21
	Ref 22
	Ref 23
	Ref 24
	Ref 25
	Ref 26
	Ref 27
	Ref 28
	Ref 29
	Ref 30
	Ref 31
	Ref 33
	Ref 34
	Ref 35
	Ref 36
	Ref 37
	Ref 38
	Ref 39
	Ref 40
	Ref 41
	Ref 42
	Ref 43
	Ref 44
	Ref 45
	Ref 46
	Ref 47
	Ref 48
	Ref 49
	Ref 50
	Ref 51
	Ref 52
	Ref 53
	Ref 54
	Ref 55
	Ref 56
	Ref 57
	Ref 58
	Ref 59
	Ref 60
	Ref 61
	Ref 63
	Ref 64
	Ref 65
	Ref 66
	Ref 67
	Ref 68
	Ref 69
	Ref 70

